First-principles density functional theory (DFT) study of embedding V and Nb atom in monovacant and divacant graphene is reported. Complete/almost complete spin polarization is verified for V/Nb embedding in MV/DV graphene. The origin of magnetism has been identified via interaction of 3d-states of embedded trnasition metal atom with p-states of inequivalent C atoms present in the vicinity of embedding site. Band structure analysis has been performed to address the semiconducting behavior of graphene in minority spin channel on embedding V/Nb atom. The isosurface plots also confirm the magnetic nature of present nanosystems. Our results reveal that these nanosystems have potential for futuristic applications such as spintronics, energy resources and high frequency transistors.
each atom became less than 0.02 eV Å -1 . Several test calculations for higher supercells; 7×7×1and 8×8×1 were also performed which gave essentially the same results.
After relaxation, we performed electronic structure calculations of relaxed systems using the full-potential linearized augmented plane-wave (FPLAPW) [41] method within GGA as implemented in WIEN2k package [42] . In FPLAPW calculations, the core states were treated fully relativistically, whereas for the valence states, a scalar relativistic approach was used. Additionally, valence electronic wavefunctions inside the Muffin-tin sphere were expanded up to l max =10. The radii of the Muffin-tin sphere (R MT ) for various atoms were taken in the present calculations such as to ensure nearly touching spheres. The plane wave cut off parameters were decided by R mt k max =7 (where k max is the largest wave vector of the basis set) and G max =12 a.u.
-1 for fourier expansion of potential in the interstitial region. The k-space integration was carried out using modified tetrahedron method [43] with a k-mesh of 11×11×1 for the high resolution and better convergence in the calculations.
Results and Discussion
To begin with desired calculations, the graphene containing MV/DV was created by using 5×5×1 supercell of pristine graphene and removing anyone/two adjacent C-atoms.
Thereafter at one vacant site, foreign atom (X=V/Nb) was embedded and the structure so obtained was relaxed to find the actual atomic positions and possible bonding. It was found that on embedding V/Nb in graphene with MV, the hexagonal symmetry near the vacant site remains maintained and the resultant nanosystem shows only substitutional effect with no shape transformation. However, embedding in graphene containing DV leads to shape change to a pentagonal structure at vacant sites via reordering of the chemical bonds between foreign V/Nb atom and C-atoms. The final relaxed structures in both cases are depicted in Fig.1 . In order to estimate the stability of a structure containing embedded TMs (X=V/Nb) atom in graphene nanosheets containing MV /DV, the binding energies (
were calculated as under: Nb-C 1 =2.389
Nb-C 2 =2.378
Nb-C 1 =3.228
Nb-C 2 =3.106
Nb-C 4 =3.102
In case of embedding X-atom in graphene containing MV/DV, three/four neighbouring C-atoms make bond with embedded atom. There is a slight difference in relaxed bond lengths of various bonds (mentioned in Table- I) in all 4 cases but these bond lengths are definitely smaller than the standard C-C bond length (2.46Å) of pristine graphene.
Further, X-C bond length increases for both MV and DV cases, as we move from embedding of V to Nb atom due to increase in atomic size of latter. case, the total DOS gets altered and localized levels start appearing, especially in the vicinity of E F . Embedding V/Nb atom in MV case generates complete spin polarization however the same embedding in DV case creates large spin polarization, but not completely 100% (Table- I/II). However, this amount of polarization is also appreciable as it is capable of transporting spin polarized currents in spin quantum information devices and spin filter devices as like 100% spin polarization. The localized levels appearing in all embedded cases are the consequence of reformation of energy bands due to interaction of C-s and C-p states with dstates of foreign V/Nb atom. To explore the contribution of various states in total DOS of resultant nanosystems, V-embedded graphene containing MV and DV were investigated (Fig. 3) . It is found that V-d
states and nearest neighboring C-p states are located at E F whereas in minority spin, these states are almost absent. This presents a direct evidence of dependence of spin polarization on interactions of V-d and C-p states. The C atoms away from embedded site (C far ) represent almost identical DOS in the vicinity of E F , confirming that they have no role to decide any spin conduction. Nb-embedding in graphene containing MV/DV (not shown for brevity) can also be explained on the similar lines. However, some moment is found to be distributed evenly in the interstitial regions among C atoms, which is also the case for g-B 3 N 3 C nanosheet; graphite like material [51] . This indicates that the magnetic moment distributed over the interstitial regions is crucial and should be considered for counting the total magnetic moment. We noticed that present TM complexes in graphene with MV are magnetic due to partial filled TM-d states. The magnetic behaviour of TMs (X=V/Nb) complexes in DV case is even more interesting.
It is observed that X embedding in graphene with DV results in a ''cross'' configuration ( Fig. 1) . A larger ''hole'' at the di-vacancy site produces weaker interactions of the embedded atom with the ligand bonds which yields higher spin states of the complex. V 
Summary and conclusions:
The electronic and magnetic properties of X embedded (X = V and Nb) graphene with MV/DV have been studied using density functional theory (DFT) approach. The PAW method within VASP was used to predict the structure stability and to find final relaxed structure for present nanosystems. Our FPLAPW calculations show that the electronic properties and magnetic response of graphene containing MV/DV get modified drastically.
The bandstructures of present nanosystems have been explained to identify the shifting of 
